Abstract. Continuous sampling of atmospheric aerosols was carried out at two different sites in the Amazon Basin: Cuiabfi (16øS, 56øW), since July 1990, and Alta Floresta (09øS, 56øW), since August 1992. Aerosols were collected on polycarbonate filters mounted in stacked filter units (SFU). Particle-induced X ray emission (PIXE) was used to measure concentrations of up to 26 elements (Mg, A1, Si, P, S, C1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Au, and Pb). Black carbon (BC) and gravimetric mass analyses were also performed. Inhalable particle ground concentrations showed a marked seasonality, with maxima of more than 100/zg m -3 in the dry season. The high aerosol optical thickness (AOT) values in this period (up to 4.0 at ;t = 0.440/zm) indicate that the whole air column has a significant aerosol load. Three main types of aerosol sources were identified: biomass burning, natural biogenic emissions, and soil dust resuspension. During the dry season the fine mode aerosol originated predominantly from biomass burning emissions (they were responsible for about 73% of fine aerosol mass), while the coarse mode was dominated by soil dust particles (50 to 60% of the aerosol mass). Crustal elements exhibited a unimodal coarse mode size distribution, while the pyrogenic elements showed a clear submicrometer mode. Black carbon had a submicrometer mode centered at 0.175/zm. During the wet season, biogenic aerosols were the dominant particle type and also the main source of atmospheric P in the region. 
Introduction
During the past two decades it has become increasingly evident that tropical regions are of major importance for the global atmosphere [Andreae and Crutzen, 1997] . Large amounts of biogenic gases and particles are emitted by the tropical rain forest [Hatriss et al., 1988; 1990] . Also, more than 80% of biomass burnt worldwide each year originates from tropical regions, and the burning leads to emissions of particles and gases that may affect atmospheric chemistry and climate [Crutzen and Andreae, 1990; Crutzen and Goldammer, 1993; Gash et al., 1996] . The world's largest rain forest is located in the Amazon Basin. Its ecosystems are characterized by intense internal recycling, but they also depend on atmospheric input of certain mineral nutrients [Salati and Nose, 1984; l/itousek and Sanford, 1986] . In the past 20 years, several parts of the Amazon Basin have been under strong pressure by intense immigration and a rapid change of land cover. Forests and adjacent savannas are being cleared, most of the time with the use of fire, and converted into pasture and agricultural fields at a substantial rate [Kaufman et al., 1990; Fearnside, 1991] . The pyrogenic and Copyright 1998 by the American Geophysical Union.
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0148-0227/98/98JD-1749509.00 natural biogenic emissions from the Amazon Basin may have an impact on global tropospheric chemistry, because the region exhibits intense convective activity [Garstang et al., 1988] which may inject gases and aerosols to high altitudes where they can be transported over long distances. Earlier studies in the region were characterized by short-term intensive sampling campaigns. They focused either on the natural release of biogenic aerosols by tropical rain forests [Lawson and Winchester, 1979 Results from a network of spectral Sun photometers and sky radiometers operated by NASA are also included and discussed in order to extend the ground-based results to the whole atmospheric column and provide evidences of the radiative impact of the aerosol burden in the region.
Pyrogenic and Natural Biogenic Emission of Particles
Natural emissions of particulate matter by the forests include primary particles, such as pollen, spores, and fragments of leaves, and secondary organic particles formed by gas-toparticle conversion of biogenic trace gases. The primary particles are mostly coarse in size (particle diameter (dp) > 2 tzm), while the secondary aerosol tends to be of submicrometer size. The particle emission mechanisms are still not fully understood but probably include mechanical abrasion by wind, biological activity of microorganisms on plant surfaces and forest litter, and plant physiological processes such as transpiration and guttation. These processes may generate particles which contain elements such as Na, Mg, P, S, K, Ca, Zn, and Rb [Ferry and Ward, 1959; Nemeruyk, 1970; Beauford et al., 1975 Beauford et al., , 1977 Figure 1 shows the location of the sampling sites. The first one is in Cuiabfi (16øS, 56øW), south of the Amazon rain forest, in a cerrado (savanna) region. This sampling site is heavily affected by regional savanna biomass burning. Samples have been continuously collected at this site since July 1990. Data from samples collected until August 1995 were used for the current paper. The second sampling site is in the region of Alta Floresta (09øS, 56øW), near the border of Mato Grosso and Amazonas States. Alta Floresta is located in a primary forest region which is heavily stressed by land clearings and gold mining [Hacon et al., 1995] . The nearest major urban area is more than 500 km away. Samples have been continuously collected at this site since August 1992. Data from samples collected before April 1995 were used in this work. At both sites, wet (austral summer) and dry (austral winter) seasons succeed each other in alternation. The dry season is assumed to begin every year on June 1 and end October 31. Although the actual onset of the dry season varies from year to year, this 5 month period includes the driest months, when most of the deforestation and agricultural fires take place.
Experiments and Analytical Methods
Bulk aerosol samples were collected using stacked filter units (SFU) [Parker et al., 1977] fitted with a PM•o inlet [Hopke et al., 1997] . The collection substrates in the SFU consist of 47 mm diameter polycarbonate membrane filters. An 8/xm pore size filter is used for the collection of the coarse particles (2.0 < dp < 10/xm), while a 0.4/xm pore size filter collects the fine particles (dp < 2.0/xm) [John et al., 1983] . The flow rate was typically 16 L/min, and the sampling time varied from 24 hours during the burning season to a week during the wet season. Particle bounce-off from the filters is not a problem in the Amazon Basin due to the high relative humidity (70-95%).
In addition to the SFU samplings, aerosol collections with higher size segregation were performed in different periods at Alta Floresta and at Cuiabgt with the aid of cascade impactors. In August 1993 a multi-orifice uniform deposit impactor (MOUDI) was used in Alta Floresta. The eight stages of the Aerosol mass concentrations were obtained through gravimetric analysis. Both fine and coarse filters were weighed before and after sampling in a Mettler M3 electronic microbalance with 1/xg sensitivity. Before weighing, filters were kept for 24 hours at 50% relative humidity and 20øC. Electrostatic charges were controlled by means of 2•øpo radioactive sources. 
Results and Discussion

Bulk Aerosol Concentrations
Figure 2 shows that the inhalable particle mass concentration (IPM, particles with dp< 10/xm) is strongly seasonal at both sampling sites, with maxima during August and September every year. In these months the levels are well above the wet season concentrations; they usually peak to over 100 m -3, with a maximum of more than 300 /xg m -3 in August 1993 for Alta Floresta. The IPM levels are highest late in the Table 1 gives the Alta Floresta average particle mass, black carbon (BC), and trace element concentrations for each size fraction and each season. The elements listed account on average for 7% of the fine particle mass and for up to 21% of the coarse particle mass. The remainder of the mass is made up by light elements, black carbon, organic compounds, and water. All trace element concentrations are higher in the dry season than in the wet season. The seasonal difference is most pronounced for the crustal (e.g., A1, Ti, and Fe) and pyrogenic elements (e.g., K, Zn) in the fine size fraction (dry/wet season ratio of 10 or more). In the coarse fraction, there is a large seasonal difference for the crustal elements (dry/wet season ratio larger than 6) but not for the typical pyrogenic elements. Table 2 presents the Cuiab/t average particle mass, BC, and trace element concentrations for each size fraction and each season. Most of the aerosol mass consists of light elements, BC, organic compounds, and water, since the trace elements account only for about 10% of the fine particle mass and for about 23% of the coarse particle mass. The concentrations are higher in the dry season than in the wet season. The differences are largest for K, C1, and Br, due to biomass burning emissions. For fine C1 the average concentration is almost 12 times higher in the dry season than in the wet season. For coarse C1, on the other hand, similar average values are noted in both seasons.
The differences for the crustal elements are lower than at Alta Floresta, suggesting that the crustal source has a less marked seasonality in Cuiab/t than in Alta Floresta. A comparison of the data from the two locations shows that the particle mass and trace element levels are similar in the coarse size fraction.
In the fine fraction, on the other hand, higher concentrations are observed at Alta Floresta than at Cuiab/t, especially during the dry season. For both coarse and fine P, average levels are higher at Alta Floresta than at Cuiab/t, probably due to the large extent of forested areas in the region of Alta Floresta. At each of the two sites (Tables I and 2 ), the dry season averages of fine and coarse particulate matter concentrations are substantially larger than the wet season averages. Low precipitation rates, which reduce wet deposition and are favorable for soil dust resuspension, coupled with the maximum intensity of an important aerosol source in the region, i.e., the deforestation and agricultural fires [Artaxo et Black carbon concentrations in the fine fraction during the dry season are high at both sites (Tables 1 and 2 
4.2.
Aerosol Source Identification and Source
Apportionment
The aerosol data sets were analyzed by absolute principle component analysis (APCA). For each site, the data set was divided by season (fine/wet) and by size fraction (fine/coarse). In a first step, aerosol sources for each subset were identified Table 3 shows the PCA results for the Alta Floresta dry season aerosols. In the fine fraction, two components were identified, which together explain 91% of the total variance in the data In the coarse fraction of the Alta Floresta dry season aerosol, three components were identified (Table 3) ; together they explained 92% of the total data variance. As seen in Table 3 Figure 4 shows the APCA results for the Alta Floresta dry season coarse mode aerosol (CPM). The contribution from biomass burning to the CPM is very small (<0.01%); CPM is dominated almost equally by biogenic and crustal aerosol. The yearly seasonal estimates show, however, a slight increase of soil dust importance since 1992 ( Figure 5 ). With regard to the trace elements, one quarter of the coarse S average concentration was attributed to soil dust particles, and three quarters to biogenic emissions. This latter source alone explained about 93% of the coarse P average concentration.
4.2.2.
Alta Floresta aerosol in the wet season. PCA identified three components in the coarse size fraction, explaining 90% of the data variance (Table 5) As seen in Figure 6 , soil dust resuspension is the main source of the Cuiab• dry season coarse aerosol. It is, on average, responsible for about 59% of the CPM. Biogenic emissions and biomass burning contribute about 23 and 18%, respectively. The evolution from year to year of the source apportionment (Figure 7) shows that the contribution from soil dust has remained constant and close to 50% since 1990, with the exception of the 1993 dry season, when it was almost 89%. The estimated contribution from biomass burning in the coarse mode is small (up to 16% of CPM) compared to the fine fraction results, but it is higher than for the Alta Ftoresta dry season data set ( Figure 5) . Usually, more than 80% of the biomass burning particle mass is found in the fine fraction [e.g., Artaxo et al., this issue]. The coarse pyrogenic aerosol at Cuiab• may predominantly originate from savanna fires nearby Cuiab• or even from local sources using wood as fuel.
4.2.4.
Cuiabi aerosol in the wet season. Table 6 The contributions from each source to the atmospheric aerosol were different in the dry and wet seasons and for the fine and coarse size fractions, and they showed also some variation from year to year. Biomass burning emissions dominate the fine mode aerosol at both sites during the dry season, which is the period of extensive fires. During this season, the coarse mode at both sites is dominated by soil dust particles.
